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1. Introduction 
 

Steel braces are a kind of structural members that carry 

the lateral loads such as wind and earthquake forces. In the 

areas prone to earthquakes, the brace members are widely 

used due to their high axial rigidity. It is well known that 

the tension and compression capacity of braces are not 

equal and this fact is the one of the biggest challenges in 

their design. Black et al. (1980) has proved that braces yield 

under large tension forces but they buckled under 

compressive forces and then their axial load capacity drops 

suddenly. This results in unstable seismic performance of 

the steel braced frames. To shift the axial compression 

capacity of brace members from unstable to stable they 

should be prevented from buckling. This fact makes the 

buckling-restrained braces (BRBs) attractive among 

researchers all over the world. A general 3-dimensional 

view of the BRBs consists of a core plate (CP) and casing 

member (CM) can be seen in the Fig. 1. Although the 

compression capacity of the CP is very limited or  
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negligible, it can be increased by using a proper CM or 

restraining its buckling. In this case, the CP may yield or 

buckle in a high buckling mode under compressive 

demands. Fig. 1 indicates that the BRBs generally consist of 

numbers of global zones such as the unrestrained elastic 

zone (Zone-1 and 2), the restrained elastic zone (Zone-3), 

the restrained plastic zone (Zone-4 and 5). The CP needs to 

be separated or isolated from the CM by placing an air gap 

or using isolation material such as rubber, silicon grease, 

foam, and so on (Fig. 1). Hence, the friction between the CP 

and the CM results in the additional axial load capacity can 

be prevented or limited by using the air gap or isolation 

material. Furthermore, the effect of the poisson ratio may 

also cause an additional friction between the CP and the 

CM hence to determine the gap required between them it 

can be taken as 0.3 and 0.5 for the elastic range and the 

plastic range, respectively (Uang and Nakashima 2004). 

The research about the BRBs started with conducting 

component and sub-assemblage tests in Japan by Uang and 

Nakashima (2004), Xie (2004) and Uang et al. (2004), in 

Taiwan by Tsai et al. (2002, 2004) and in the USA by Black 

et al. (2002). Watanabe et al. (1988) conducted the tests on 

the BRBs with the mortar-infilled square and the 

rectangular steel tubes to determine the global buckling of 

the braces. They proposed the Eq. (1) to prevent the BRB 

from the global buckling. 

PyPe / > 0.1  (1) 

Where Pe is the elastic buckling strength of the CM and Py 

is the yield strength of the CP. 

Iwata and Kato (2000) conducted tests on the 

commercially available BRBs in which the CMs were steel 
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tubes filled with mortar and structural steel members. The 

BRBs with low yield-point steel and a ductile CP were 

tested by Chen et al. (2001). They aimed to avoid the 

friction between the CP and the CM by using silicone 

grease. Due to insufficient gap between them, the 

compression capacity of the BRBs was found to be about 

1.5 times higher than their tension capacity. Higgins and 

Newell (2004) used steel pipe filled with a confined non-

cohesive material instead of mortar during the design of the 

BRBs. Young et al. (2009) tested the BRBs with the CP 

consisted of a structural steel I-section. It was observed 

from this study that the thicknesses of the external tube 

(CM) governed the hysteretic behavior the BRBs. Takeuchi 

et al. (2012, 2014) studied about the local buckling failure 

of BRBs with the CM composed of a circular or rectangular 

steel tube infilled with mortar. They proposed that the local 

buckling failure of BRBs depend on the mortar thickness 

and the shape of the CM. 

An experimental study about the BRBs with a CM 

consisting of built-up section was conducted by Eryasar and 

Topkaya (2010). Tsai et al. (2002) performed tests on the 

BRBs with steel tubes filled with mortar that were used as a 

retrofit solution for an existing structure. Tremblay et al. 

(2006) performed tests on the BRBs to investigate the 

effects of the flexure stress on the BRBs, the plastic length 

of CP, the axial rigidity, and the fatigue life. Park et al. 

(2012) conducted uniaxial and sub-assemblage tests in 

order to determine the global buckling of the core.  

 

 

 

 

 
1= Connection bolt, 2= Additional plates, 3 and 4= Cruciform steel section 

of BRB, 5= Connection plate, 6= Core plate (restrained elastic), 7= Steel 
hollow section, 8= Concrete (7 and 8 Casing member), 9= Isolation 

material, 10= Core plate (restrained plastic). 

Fig. 1 Three-dimensional view of BRB, zones and cross

-sections of BRB 

 

 

 

Kim et al. (2004) analyzed the steel moment frames with 

BRB. Razavi et al. (2018) conducted a research about the 

CM consisted of concrete and FRP. Mirtaheri et al. (2017), 

Beiraghi (2017), Beiraghi (2018a), Beiraghi (2018b), 

Beiraghi (2019) and Maalek et al. (2019) simulated the 

behavior of BRBs by using structural analysis programs. Li 

et al. (2019) studied the FEM of the three-tube buckling-

restrained brace which has one core tube and two 

restraining tubes. Uriz (2005) and Lopez et al. (2004) tested 

the BRBs with concrete-filled tubes in steel frames. Merritt 

et al. (2003) performed sub-assemblage tests on the BRBs 

using a shake table facility. Hikino et al. (2011, 2013) 

conducted large-scale shake table tests to investigate the 

out-of-plane stability of BRBs. Kasai et al. (2008) 

performed the test on full-scale five-story buildings with 

dampers by using three-dimensional shaking table. Five 

BRB braced frame tests by using static testing methods 

were conducted by Christopulos (2005). The local buckling 

of the BRBs occurred during these tests at a drift ratio of 

1.5%. Tsai et al. (2008) and Tsai and Hsiao (2008) tested on 

a full-scale three-story three-bay BRB frame by using 

pseudo-dynamic testing method. Lin et al. (2005, 2006) and 

Tsai et al. (2006) investigated the connection between 

gusset plate and BRBs both experimentally and analytically 

to prevent the connection failure. Fahnestock et al. (2007) 

conducted tests on a single-bay four-story braced frame by 

using hybrid dynamic and quasi-static testing procedure. 

Haydaroglu et al. (2011) designed and tested three BRBs 

with a CM consisted of CFRP retrofitted/wrapped hollow 

section. Usami et al. (2012), Wang et al. (2013) and Avci et 

al. (2018) experimentally studied on newly developed 

BRBs with different core materials (steel and aluminum 

alloy) and end connection details. Fujishita et al. (2015) 

performed an experimental study to investigate the 

hysteretic behavior of BRBs with bolted and welded end 

connections. A simple method in order to predict the 

cumulative deformation and energy dissipation capacities of 

BRBs under random amplitudes was proposed by Takeuchi 

et al. (2008). Usami et al. (2008) investigated the buckling 

prevention condition with a series of experiments. Usami et 

al. (2009) conducted tests and analyses to clarify the 

performance requirements of the BRBs for the damage 

control seismic design of steel bridges. Chou et al. (2016) 

performed the cyclic tests to compare cyclic performance of 

dual-core self-centering braces and sandwiched buckling-

restrained braces. The columns shared by the orthogonal 

BRBs to examine the bidirectional loading effects were 

studied by Sherman and Okazaki (2010). Sabelli et al. 

(2003) analytically examined the seismic response of three 

and six story concentrically BRB braced frames under the 

several ground motions to determine the effect of various 

structural configurations and proportions. Pandikkadavath 

and Sahoo (2016) analytically studied the hysteretic 

response of the BRBs with the varying lengths. Mazzolani 

(2008), Di Sarno and Manfredi (2010, 2012) and Brown et 

al. (2001) examined the seismic retrofitting of deficient 

reinforced concrete (RC) frames with BRBs. Di Sarno and 

Elnashai (2008) performed a comparative numerical study 

to evaluate seismic responses of an existing 9-storey steel 

moment resisting frames strengthened with several bracing 
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system. Sutcu et al. (2014) proposed a simplified method 

based on an equivalent linearization to design the required 

amount of BRB and elastic steel frame (SF) capacity to 

retrofit existing RC buildings. Ozcelik and Erdil (2019) 

tested three bay-three story deficient RC frame retrofitted 

by BRBs under several ground motions. 

As a result, it is clearly seen that the BRBs with CM 

consisted of PCMs is absent in the literature. There is need 

to design a BRB that its application can be conducted inside 

the existing buildings during the retrofitting (Ozcelik et al. 

2012). The BRBs in the literature may not be carried inside 

the building due to their heavy weight. The PCMs enables 

the BRBs construct inside the existing structures since they 

can placed on the CP step by step. The weight of the PCMs 

is between 40 and 60 kg which can be carried without using 

a forklift or other devices. Therefore, a project has been 

carried out to investigate innovative CMs and techniques, 

connection details, and isolation materials for new BRB 

designs. This paper discusses the different types of CMs, 

end restrainers, and isolation members. 

 

 

2. Experimental program 
 

The size of the test specimens was determined by 

considering a full-scale prototype frame. The prototype 

BRB braced steel frame can be seen in Fig. 2. A column 

width of 3.5 m and a beam width of 6.0 m were considered 

for the prototype braced frame. The configurations of BRBs 

were selected as chevron brace application. Hence, the 

length of the BRBs was set as 3000 mm. 

 

2.1 Test specimens 
 

The weight of the BRBs tested by Ozcelik et al. (2017) 

and other researchers were about 600-700 kg. Due to 

unpractical application of heavy BRBs inside the existing 

buildings, a unit BRB model was designed in this study. 

This new BRB model was designed in order to present an 

economical and practical application of the BRBs inside the 

building without using any construction device. 

 

 

 

Fig. 2 Prototype frame and assembly steps of PCMs 

 

An experimental research program was conducted on the 

BRBs with the CM consisted of the PCMs which is suitable 

for the retrofitting of the existing structures. The technique 

of the PCMs for the CM provides the BRBs to be 

constructed inside the structures. In this way, their 

applications may be rapid and practical during retrofitting. 

The steps of the application of these BRBs can be 

summarized as follow: Firstly, the CP is connected to the 

gusset plate which already fixed to the frame members (Fig. 

2). The PCMs are put on the CP step by step and then they 

are fastened to each other by using longitudinal and vertical 

rods. Finally, as seen in Fig. 2 the assemblage of BRB is 

completed.  

In order to perform the connection between gusset plate 

and the BRB the slip-critical connection details given in Eq. 

(2) is used. Hence, as recommended in the AISC Seismic 

Provisions (2010), the hole diameter was short-slotted with 

a width of 27 mm and length 32 mm in the cruciform 

section of the CP. Thus, the high strength bolts were used 

for connection between the BRB and the gusset plate. 

NThDR bscun   (2) 

Where Rn is the slip-critical strength of a single bolt; μ is the 

slip coefficient; Du equals 1.13 and is a multiplier that 

reflects the ratio of the mean installed bolt pretension to the 

specified minimum bolt pretension; hsc is a hole factor; Tb is 

the specified minimum bolt pretension; and Ns is the 

number of slip planes. 

Seven BRBs were tested in this study. Table 1 

summarizes the details of the test specimens. The target 28-

day cylinder compressive strength of the concrete used for 

PCMs was 20 MPa for all BRBs. As given by Eq. (1), the 

CM should be designed to provide sufficient stiffness to 

prevent the global buckling of the BRBs. Figs. 3-5 indicate 

the details of the BRBs application. The low-yield strength 

steel plate was used for the CP.  In the restrained plastic 

zone, the cross-section of the CP was 15 × 150 mm (2250 

mm2) (Zone 4 and 5 in Fig. 1 and Section C-C in Fig. 3). As 

shown in section B-B in Fig. 3, the restrained elastic zone 

was designed as cruciform section to facilitate the 

connection and its cross-section was 6375 mm2. The 

unrestrained elastic zone had a cross-sectional area of 7875 

mm2 as seen in section A-A in Figs. 3 and 4(b). The cross-

section of the CP was widened to 3120 mm2 at the mid-span 

of BRB to prevent the relative displacement between CM 

and CP (Fig. 4(c)). An air gap was provided instead of 

isolation material for all BRB members. The test parameters 

can be summarized as the PCMs consisted of plain concrete 

(PC), reinforced concrete (RC), reinforced concrete with 

FRP (Table 1 and Fig. 3). Hence, the details of the test 

specimen are as follows (Figs. 3-5):  

BRB1: The CM consisted of PCMs with the cross-

section of 170 x 170 mm (Figs. 3-4(g)-4(n)). The length of 

the PCMs was designed with respect to their connection 

type and weight. This means that the length of the PCMs at 

the both ends of the BRBs is larger than that of PCMs at the 

middle (Fig. 3). The PCMs was plain concrete hence there 

was no reinforcement in them. First of all, the wooden 

molds were prepared then the concrete was casted in the 

molds (Figs. 4(d)-4(f)). The CP was connected to the gusset  
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plates which already fixed to the frame (Figs. 2-4(i)-4(j)). 

After curing of the PCMs (Figs. 4(g)-(h)), they were placed 

on the CP and then they were connected to each other by 

using the transverse anchorage rods (4ϕ10 for each PCM) 

and the longitudinal anchorage rods (4ϕ8) (Figs. 3-4(k)-

4(n)). There was no de-bonding material such as rubber 

between CP and CM instead an air gap was provided to 

prevent the excessive friction between them. 

 

 

At the both ends of BRB, the PCMs have 400 mm-steel 

plates (similar details from Ozcelik et al. 2017) used as an 

end restraining system to increase local stability (B-B 

section in Figs. 3-4(e)-4(h)). After placing all the PCMs on 

the CP the production of the BRB are completed (Fig. 4(l)) 

and then the BRB is removed from the frame system in 

order to fix that into the test setup (Fig. 4(m)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3 Test specimens BRB1 to BRB7 
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BRB2: This BRB was similar to BRB1. The main 

difference between BRB1 and BRB2 was the reinforcement 

used in the PCMs (Figs. 5(a)-5(d)). Due to brittle behavior 

of plain concrete used for the BRB1, ϕ8 reinforcement bars 

was added into the PCMs (Fig. 5(c)) for the BRB2. 

BRB3: This BRB was similar to BRB2. The number and 

diameter of the longitudinal anchorage rods were increased 

for the BRB3 because of the global buckling of CM. The 

number and the diameter of longitudinal anchorage rods 

were increased from 4 to 8 and from 8 mm to 10 mm for the 

BRB3, respectively (Figs. 5(e)-5(h)).  

BRB4: This BRB was similar to BRB3. The number and 

the diameter of the longitudinal anchorage rods were 

increased for the BRB4 because of the global buckling of 

CM. 

 

 

Fig. 4 Details of test specimens BRB1 

 

 

 
 

 

Fig. 5 Details of test specimens BRB2 to 7(a-d: BRB2, e-

h: BRB3, i-k: BRB4, l-m: BRB5, n-o: BRB6, p-t: BRB7) 

 
 

The number and the diameter of the longitudinal 

anchorage rods were increased from 8 to 16 and from 10 

mm to 12 mm for the BRB4, respectively (Figs. 5(i)-5(k)). 

In addition, ϕ8 reinforcement rods were used in the 

perpendicular direction of PCMs.  

BRB5: This BRB was similar to BRB4 except the cross-

sectional area of PCMs and the diameter of reinforcements 

and longitudinal anchorage rods. The CM consisted of a 

190 x 190 mm PCMs (Table 1 and Fig. 3). The diameter of 

the reinforcements and longitudinal anchorage rods were 

increased from 8 to 14 and from 12 to 24 for the BRB5, 

Table 1 Experimental program 

Specimen 

No 
CM Details 

PCM Dim.* (cm) 

/nbr of PCMs** 

Gap*** 

(mm) 

CP Yield 

Strength 

(MPa) 

Concrete 

Strength 

(MPa) 

Pe/Py 
Reinf. of 

PCM 

Anchorage Rod of 

PCM 

Nbr Dia. 

BRB1 PCM 17x17/14 4 330 21.5 2.8 - 4 8 

BRB2 PCM 17x17/14 4 330 25.4 3.3 8 4 10 

BRB3 PCM 17x17/14 4 330 26.3 3.5 8 8  10 

BRB4 PCM 17x17/14 4 330 22.9 3.0 8 16  12 

BRB5 PCM 19x19/18 4 250 21.3 5.8 14 16  24 

BRB6 PCM 19x19/18 2 300 24.6 5.6 14 16  24 

BRB7 PCM+FRP 19x19/18 2 300 23.7 5.4 14 16  24 

* Dimensions of PCMs; ** Number of PCMs; *** Gap between CP and CM
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respectively (Figs. 5(l)-(m)). Furthermore, an additional 

connection was provided by using repair mortar between 

PCMs. In addition, the post-tensioning force about 75 kN 

was applied to each longitudinal anchorage rods. This force 

produced about 35% axial load ratio (ratio between applied 

total force and PCM axial load capacity) on the PCMs. 

BRB6: This BRB was similar to the BRB5 except gap 

between CP and CM. It was 4 mm for the BRB5 and 2 mm 

for BRB6 (Table 1). In addition, the number of the 

reinforcement rods was increased and they placed on both 

surfaces of the PCMs (Figs. 5(n)-5(o)).  

BRB7: This BRB was similar to BRB6. The FRP was 

wrapped on the PCMs instead of vertical anchorage rods. 

Three layers of FRP were used to wrap the PCMs. The BRB 
was placed in the steel frame as the other BRBs (Fig. 5(p)). 

After the repair putty was applied on the surface of the 

PCMs, the FRP was wrapped on the PCMs by using epoxy 

(Figs. 5(r)-5(s)). In order to prevent the FRP damage the 

corner of the PCMs were rounded. Finally, horizontal 

anchorage rods were fastened (Fig. 5(t)). 
 

2.2 Instrumentation and loading system 

 

Fig. 6 indicates the test setup of loading system. The test 

setup was placed parallel to the ground and was a self-

contained test setup system which carried the force by itself. 

The displacement and strain values on the test specimens 

were monitored by using a data acquisition system. The 

instrumentation details of the test specimens and the 

channel number (CN) of the data acquisition system from 1 

to 19 are shown in Fig. 7. A displacement-controlled 

hydraulic piston with a capacity of 1000 kN was used to 

apply the axil force to the BRBs. A 1000-kN load cell (CN 

1 in Fig. 7) located between the actuators and BRB was 

used to measure the axial load. In order to measure the axial 

displacement five Linear Variable Differential Transducers 

(LVDTs) were placed on the BRBs (CN 2–6 in Fig. 7). Due 

to slip-critical connection, the slip between the plates used 

to connect the BRB and gusset plate was also monitored 

from the LVDTs (CN 7–10 in Fig. 7) during the test. 

Furthermore, the LVDTs (CN 11–15 in Fig. 7) were used in 

order to measure the vertical and horizontal out-of-plane 

displacement of the BRB. An incremental quasi-static 

loading protocol was applied on the test specimens (Eryasar 

and Topkaya 2010, Tremblay et al. 2006, Iwata and Kato 

(2000). Two cycles were applied for each displacement 

defined in the testing protocol during the cyclic test. The 

loading protocol was as follows: 1/3δy, 2/3δy, 1.0δy, 1/3δstr, 

0.5δstr, 1.0δstr, 1.5δstr, 2.0δstr, 2.5δstr, and 3.0δstr, where δy and 

δstr were the yield axial displacement and displacement 

value at 1.0% strain of the CP, respectively. As required in 

the AISC Seismic Provisions (2010) this loading protocol 

satisfies the cumulative axial deformation levels in excess 

of 200 times the yield displacement. For all experiments the 

cyclic loading started with compression excursion. The 

axial displacement demand was not applied to the center of 

the BRB hence an eccentricity was used during the test to 

impose rotation on the BRBs suggested by the AISC 

Seismic Provisions (2010). 
 

 

Fig. 6 Test setup of the loading system 

 
 

 

Fig. 7 Instrumentation of test members 

 
 
3. Test results 

 

Figs. 8 and 9 indicate the cyclic responses of the test 

specimens. In these figures, the test results are presented in 

terms of the axial strain of the CP versus applied axial force. 

As seen in Fig. 7 the value of axial strain of the CP was 

determined from the LVDTs (CN 2–6). Therefore, the 

average displacement of the LVDTs (CN 2–6) was divided 

by the length of the plastic part (1703 mm) of the CP (Fig. 

7). This included the elastic displacement of the CP, but its 

effect is negligible. Fig. 10 indicates the pictures of the test 

specimens after testing. This figure also presents 

exaggerated drawings of the damage to the CP with a scale 

of 5 times. Table 2 presents the maximum and minimum 

axial forces measured during each test. This table also 

shows the compression strength adjustment factor, β, and 

the strain hardening adjustment factor, ω. The values of β 

and ω were calculated as averages for each strain cycle. 

Table 3 indicates the dissipated energy, dissipated energy 

normalized by the yield strength of the CP, and the tension 

and compression stiffness normalized by the theoretical 

stiffness values determined from the areas and length of the 

BRBs given in Fig. 7. The dissipated energy was calculated 

up to a CP strain of 2.0%. Tension and compression 

stiffness values were calculated at (1/3)δy, (2/3)δy, and 

(1.0)δy. The maximum horizontal and vertical out-of-plane 

displacement and slip between plates used to connect the  
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Fig. 8 Cyclic behavior of test specimens BRB1 to 7 

 

 

 

Fig. 9 Fatigue test of specimen BRB7 

 

 

BRB and gusset plate are shown in Table 4 (Fig. 7 presents 

their CNs). 

The specimen BRB1 showed unstable cyclic 

performance because of global buckling of the CM and 

significant local damage of the PCMs at the both ends (Figs. 

8-10). While the former resulted from the insufficient 

longitudinal anchorage rods (Figs. 3 and 4(m)) the latter 

was due to plain concrete used for the PCMs had brittle 

behavior. There were four PCMs for each connection on the 

CP (Fig. 4(n)) and they were not completely pin or rigid. 

Hence the bending of the CM occurred at this location (Fig. 

4(n)). Due to significant damage on the test specimen after 

CP strain of 0.5 % the further excursion was not applied to 

prevent the damage on the test setup and instrumentation. 

The axial compression capacity reached −497 kN during 

this test.  

The specimen BRB2 had unstable cyclic performance 

due to significant damage on the CM (Fig. 10). Although 

the reinforcement was added to the PCMs (Fig. 5(c)), the 

local damage on the PCMs and global buckling of CM 

occurred. It was observed that the longitudinal anchorage 

rod (4-ϕ8) and the numbers of reinforcement (Fig. 5(c)) 

were not capable of providing sufficient strength and 

stability for the CM. The axial compression capacity 

reached −565 kN during this test. The test results of the 

specimens BRB1 and BRB2 indicated that the number of 

the longitudinal anchorage rods should be increased as well 

as the reinforcement placed into the PCMs. In fact, the pre-

tension force of the longitudinal anchorage rods was found 

to be insufficient and this force should be increased. 

Therefore, it was planned to increase the number of 

longitudinal anchorage rods in the other BRB specimens.  

The specimen BRB3 had more stable cyclic 

performance than the BRB1 and BRB2 as seen in Fig. 8. 

The higher numbers of the longitudinal anchorage rods (8-

ϕ10) and reinforcement placed into the PCMs (Figs. 3-5) 

provided larger axial force capacity as -802 kN. In other 

words, the BRB3 had stable cyclic performance up to a CP 

strain of 1.0%. On the other hand, the damage initiated on 

the PCMs (Fig. 10) and then the axial force capacity 

dropped after the CP strain of 1.1%. Therefore, the test was 

stopped above the CP strain of 1.5% (Fig. 8). Although the 

numbers of the additional longitudinal anchorage rods (8-

ϕ10) increased they seemed to be affective up to the CP 

strain of 1.0%. They could not fully control global buckling 

after CP strain of 1.0%. The local damage of CP 

accumulated on the first PCM of both ends of the BRB3 

(Fig. 10). 

The specimen BRB4 had more stable cyclic 

performance than the previous experiments as seen in Fig. 8. 

The 16-ϕ12 for the longitudinal anchorage rods and 

reinforcement placed into the PCMs (Figs. 3-5) provided 

larger axial force capacity as -876 kN. In fact, the damage 

occurred on the PCMs (Fig. 10) and then the axial force 

capacity dropped after the CP strain of 1.5%. This test 

indicated that the flexure capacity of the PCMs at each 

location of the connection needs to be strengthened. 

The specimen BRB5 had more stable cyclic 

performance than the BRB4 (Fig. 8). There were initial 

cracks on the PCMs up to CP strain of 1.0%. Then, the 

cracks widened after the CP strain of 1.5% and then the 

local damage occurred at the second line of the PCMs (Fig. 

10). The CP had significant local buckling at this location 

and the compression capacity of the BRB5 dropped after 

the CP strain of 1.5%. As it is seen from this experiment, 

the 16-ϕ24 for the longitudinal anchorage rods, additional 

reinforcement placed into the PCMs (Figs. 3-5) and higher 

cross-section of the PCMs resulted in larger CP strain and 

axial force capacity as -940 kN. Furthermore, the post-

tensioning force and higher Pe/Py ratio (Table 1) enabled the 

BRB to sustain larger CP strain. On the other hand, the  
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local damage on the CP (Fig. 10) indicated that the gap 

between CP and PCMs needs to be decreased. 
The specimen BRB6 had a very stable cyclic 

performance up to a CP strain of 2.0% (Fig. 8). Furthermore, 

the behavior was also stable at the first cycle of the CP 

strain of 2.5% on the other hand the damage occurred on the 

PCMs at the second cycle of that strain in compression. 

Although the horizontal and vertical out -off-plane 

displacements in the PCMs were about 8-10 mm (Table 4), 

they did not affect the cyclic performance of the BRB6 (Fig. 

8). The axial compression capacity reached −939 kN during 

this test. Although the high-mode buckling has occurred 

along the plastic zone on the CP, the local damage on the  

 

 

PCMs was seen due to the high amplitude of the buckling 

(Fig. 10). This behavior indicated that the PCMs need 

further confinement in order to resist the local or high mode 

buckling of the CP. 

The cyclic performance of the specimen BRB7 was 

stable up to a CP strain of 2.0 % (Fig. 8). This specimen 

could not be loaded further due to the load cell capacity 

which was 1000kN. There was no damage on the test 

specimen at the end of the test. Hence, the fatigue test was 

applied to the specimen BRB7 (Fig. 9). During the fatigue 

test, 40 cycles were applied to the specimen at the CP strain 

of 1.0%. Even though no damage was observed on the 

BRB7, the fatigue test was stopped after 40 cycles. After  

 

Fig. 10 Physical damage of the specimens BRB1 to 7. 
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removing the CP from the CM or PCMs, the minor cracks 

at the end of the PCMs and the minor local buckling of the 

CP was observed (Fig. 10). It was observed that the further 

damage of the PCMs was prevented by FRP wrapped round 

it. In fact, the local buckling of the CP resulted in the cracks 

on the PCMs but the FRP provided the confinement effect 

for them to prevent the further damage. Hence, the 

application of the FRP was found to be a very effective in 

sustaining the stability of PCMs. Furthermore, the 

horizontal and vertical out-off-plane displacements in the 

CM were about 20-40 mm (Table 4) but they did not affect 

the cyclic performance of the BRB7 (Fig. 8). 

 
 
4. Discussion of test results 
 

The test results indicated that the cyclic performances of 

BRB6 and 7 seemed to be acceptable. As it can be seen in 

Table 2, the compression strength adjustment factor, β, of 

these BRBs is lower than the limit of 1.3 given by the AISC 

Seismic Provisions (2010). The main reason of this result 

was the amount of friction, which dominates β, eliminated 

as far as possible by using 2-mm air gap for each surface of 

the CP. On the other hand, the 4mm gap between the CM 

and the CP was found to be large for specimen BRB1-5.  

 

 

 

 

 

This large gap was observed to be one of the reasons of the 

local damage of the CP. The nominal yield strength of the 

CP was 235 MPa (S235 given in Turkish Steel Design Code 

2016) for all BRBs. On the other hand, the coupon tests 

indicated that the yield strength of the CP was generally 

higher than 235 MPa given in Table 1. As a result, the 

mechanical properties of the CP should be determined 

before the design of any BRB braced system. The value of 

the strain hardening adjustment factor, ω, was found 

between 1.14-1.16 for all BRBs (Table 2). This is because 

of the main parameters that affect the value of ω such as 

steel properties, loading, and BRB details. As seen in Table 

3, the energy dissipation capacity and the normalized 

dissipated energy of BRB6 and 7 were the highest among 

the tested BRBs up to a CP strain of 2.0%. It was found 

from the test results that the energy dissipation capacity of 

the BRBs depended significantly on the stability of the 

PCMs. The theoretical stiffness of the BRBs was 

determined to be 240, 219, and 204 kN/mm for the areas 

and lengths of (A4, L4 + A3, L3), (A4, L4 + A3, L3 + A2, 

L2), and (A4, L4 + A3, L3 + A2, L2 + A1, L1), as shown in 

Fig. 7, respectively. Table 3 indicates the values of tension 

and compression stiffness of the BRBs normalized with the 

theoretical stiffness as 204 kN/mm. In fact, they were 

calculated at 1/3δy, 2/3δy, and 1.0δy in this table. 

Table 2 Maximum and minimum axial forces and ω and β factors 

Specimen 

No 

Max. Axial 

Force (kN) 
Force 

Ratio

*** 

ω and β factors 

0.33% 0.50% 1.00% 1.50% 2.00% 

T* C** ω β ω β ω β ω β ω β 

BRB1 666 -497 0.75 1.004 0.744 NA NA NA NA NA NA NA NA 

BRB2 665 -565 0.85 1.000 0.710 NA NA NA NA NA NA NA NA 

BRB3 784 -802 1.02 1.004 0.842 1.055 0.884 1.142 0.926 1.235 0.974 NA NA 

BRB4 825 -876 1.06 1.002 0.840 1.038 0.902 1.141 0.997 1.235 1.038 NA NA 

BRB5 758 -940 1.24 1.005 0.842 1.037 0.971 1.139 1.094 1.242 1.241 NA NA 

BRB6 895 -939 1.05 1.002 0.972 1.042 1.003 1.159 1.041 1.227 1.061 1.269 1.072 

BRB7 887 -1002 1.13 1.001 0.949 1.039 1.002 1.155 1.044 1.225 1.100 1.185 1.205 

* Tension force; ** Compression force; *** Force ratio of tension and compression force 

Table 3 Dissipated energy and normalized stiffness value 

Specimen 

Dissipated 

Energy (kN 

mm) 

Normalized 

Dissipated 

Energy 

Compression and Tension Normalized Stiffness Values 

Compression Stiffness Tension Stiffness 

δy/3 2δy/3 δy δy/3 2δy/3 δy 

BRB1 17118 23 0.779 0.719 0.670 0.885 0.831 0.790 

BRB2 16919 23 0.784 0.662 0.605 1.043 0.925 0.850 

BRB3 177365 239 0.930 0.773 0.640 1.089 0.959 0.899 

BRB4 242249 326 0.726 0.646 0.651 1.133 1.028 0.940 

BRB5 281078 500 0.743 0.713 0.604 1.251 1.073 0.998 

BRB6 391356 580 1.142 1.068 1.027 1.149 1.080 1.033 

BRB7 354783 526 0.990 0.899 0.872 1.060 1.017 0.992 
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Fig. 11 Simulation of cyclic behavior of the test 

specimen BRB6 with Steel02 and Hysteretic material 

models 

 

 

 

 

It was determined from Table 3 that the values of tension 

and compression stiffness in the cycle of 1/3δy are usually 

higher than in the cycles of 2/3δy and 1.0δy. The global 

buckling of the CM was seemed to have effect on the 

compression stiffness of the BRBs. Furthermore, it was 

found from the test results that the friction between CP and 

PCMs and initial loading started with compression 

excursion dominated the initial stiffness of the BRBs. 
In addition, the stiffness of the BRBs may be affected by 

the slip between the gusset plate and the CP. Table 4 

indicates the value of the slip may increase to an important 

amount for some of the specimens. Although the 

workmanship and equipment used for the connection were 

almost same, the slip can’t be prevented. Hence, it may be 

appropriate to include this slip during the design of the BRB 

braced frames. Table 4 also indicates the vertical and 

horizontal out-of-plane displacements measured at the both 

ends of the BRBs (channels from CN11 to CN15, Fig. 7). 

Although these displacements of BRB6 and 7 were between 

10 and 40 mm, the cyclic responses of these BRBs were 

stable (Table 3 and Fig. 8). This means that using the 

reinforcement in the PCMs, increasing the number and 

diameter of the anchorage rods, decreasing the air gap 

between the CP and CM, and the PCMs wrapped with FRP 

provided the BRB6 and 7 to sustain stable hysteretic 

behavior. 

 

 

5. Analytical study 
 

An analytic study was performed to verify the test 

results in terms of cyclic behavior. The test specimen BRB6 

was modelled by utilizing the OpenSees simulation 

platform (Mazzoni et al. 2009). As shown in Figs. 1-7, the 

test specimen was modelled as single member with elastic 

Table 4 Maximum horizontal and vertical out-of-plane displacement and slip between plates used to connect the 

BRB and gusset plate (The channel numbers are given in Fig. 7) 

Specimens 
            Slip (mm)           Vertical Displ. (mm) Horizontal Displ. (mm) 

CN7 CN8 CN9 CN10 CN11 CN12 CN13 CN14 CN15 

BRB1 
0.1 0.1 0.1 0.0 18.3 3.6 10.1 3.1 3.4 

0.0 0.0 -0.2 0.0 -7.6 -24.4 -3.1 -11.2 -1.2 

BRB2 
0.2 0.1 0.1 0.0 0.6 1.8 0.3 1.0 22.0 

-0.2 -0.1 -0.2 -0.1 -18.3 -11.0 -2.9 -1.4 -0.6 

BRB3 
0.5 0.1 0.1 5.9 5.9 25.3 5.9 3.7 3.0 

-0.2 -0.1 -1.6 -3.1 -2.1 -64.6 -2.7 -1.1 -7.6 

BRB4 
0.2 0.1 0.1 0.0 2.9 1.2 2.5 2.1 1.9 

-0.1 -0.1 -0.1 0.0 -4.4 -3.0 -0.2 -4.2 -4.2 

BRB5 
0.2 0.0 0.1 0.1 7.0 6.0 6.7 7.8 1.3 

-0.1 -0.1 -0.1 -0.1 -1.2 -4.3 -6.1 -6.8 -1.7 

BRB6 
0.4 0.1 0.1 0.0 10.0 2.2 4.2 8.0 1.1 

-0.1 -0.1 -0.1 -0.1 -0.1 -5.7 -4.1 -4.4 -2.5 

BRB7 
0.3 0.1 0.1 0.1 38.8 5.8 6.2 24.3 0.8 

-0.3 0.0 -0.1 -0.1 -8.1 -38.7 -3.0 -2.8 -2.6 
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and plastic parts. The plastic and elastic zones of the BRB 

were modelled as truss member and elastic Beam Column, 

respectively. The testing protocol, used for the analytical 

BRB model, was same as that applied for the test specimens. 

Two material models namely Hysteretic and Steel02 were 

used in order to simulate the test specimen accurately 

(Ozcelik et al. 2017). The Hysteretic material model can be 

used to construct a uniaxial bilinear hysteretic material 

object with pinchX (pinching factor for strain during 

reloading), pinchY (pinching factor for stress during 

reloading), damage1 (ductility-based damage accumulation), 

and damage2 (damage due to energy) (Mazzoni et al. 2009). 

The Steel02 material model can be used to construct a 

uniaxial steel material object with isotropic strain hardening. 

Further details of the Hysteretic and Steel02 material model 

can be found at Mazzoni et al. (2009). Fig. 11 indicates that 

the Steel02 material model simulated the cyclic behavior of 

test specimen BRB6 better than Hysteretic material model. 

As a result, the BRBs in a braced frame can be modelled 

with an acceptable accuracy by using Steel02 material 

model.   

 

 

6. Conclusions 
 

Seven full-scale BRB specimens were tested in this 

study. The cyclic response of the BRBs with various design 

parameters were determined. The new designed BRBs were 

aimed to construct inside the existing deficient structures 

for the retrofitting solution since the PCMs can placed on 

the CP step by step. The weight of the PCMs was between 

40 and 60 kg which can be carried without using a forklift 

or other devices. The plain and reinforced concrete and 

reinforced concrete wrapped with FRP were used for the CMs. 

The following conclusions can be drawn based on the 

observed responses of the test specimens:  

 The cyclic performance and stability of the 

BRBs is significantly dependent on the CM.   

 The plain concrete which has at least 20MPa 

compressive strength as a CM was found incapable for 

providing sufficient capacity and stability due to brittle 

failure.  

 The usage of reinforcement in the PCMs 

postponed the damage of CM and enabled the CP to 

maintain larger CP strain up to 2.0%. In fact, the major 

local damage of the PCMs was prevented by using the FRP 

provided confinement effect. Furthermore, the numbers, 

diameter and post-tensioning force of the longitudinal 

anchorage rods dominated to the global stability of the CM. 

The level of post-tensioning force mentioned as axial load 

ratio (about 35%) was seen sufficient to prevent the global 

buckling. In addition, the ratio of Pe/Py which was between 

2.8 and 5.8 has also effect on it. The value of Pe/Py ratio 

was found to be at least 5.0 for the PCMs in this study.     

 The slip measured between the gusset plate and 

the CP may result in decreasing the axial stiffness of BRB 

hence it needs to be included during the design of the BRB 

braced frame.  

 The compression strength adjustment factor, β, 

is significantly dependent on the isolation between the CM 

and the CP. Therefore, the 2 mm air gap seemed to provide 

sufficient isolation between the CM and CP with respect to 

the test results.  

 It was found from the test results that the 

energy dissipation capacity of the BRBs was significantly 

dependent on the stability of the CM in addition to values of 

β and ω. In fact, the increment of the β, ω, post-tensioning 

force and Pe/Py triggered the energy dissipation capacity of 

the BRBs.      

 As a result of this study, the design 

methodology of the specimens BRB6 and BRB7 capable of 

sustaining 2.0% CP strain was seen to be successful with 

respect to test results. 
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